The absence of low energy supersymmetry in run I data at the LHC has pushed the nominal scale for supersymmetry beyond a TeV. While this is consistent with the discovery of the Higgs boson at ≈ 125 GeV, simple models with scalar and gaugino mass universality are being pushed into corners of parameter space. Some possibilities within the constrained minimal supersymmetric extension of the standard model (with four parameters) are discussed along with a one parameter extension in which the Higgs soft masses are non-universal. Also discussed are 2-, 3-, and 4-parameter versions of pure gravity mediated models with a wino, Higgsino, or bino LSP respectively.
Introduction
The ATLAS and CMS experiments did not discover supersymmetry during run I at the LHC [1, 2] and instead have pushed the supersymmetric scale towards a TeV or beyond. So why still consider supersymmetry as a low energy extension of the Standard Model? Clearly as the energy scale for supersymmetry is pushed up, its ability to solve the hierarchy problem 'natually' becomes more difficult. However, the large hierarchy problem associated with Grand Unified Theories (GUTs) or Planck scale is still nicely resolved by supersymmetry [3] even if some residual fine tuning is necessary. In addition, supersymmetry still aids the problems of gauge coupling unification [4] ; the stabilization of the electroweak vacuum [5] ; radiative electroweak symmetry breaking [6] ; and dark matter [7] . In addition simple supersymmetric models generally predict that the Higgs boson mass should be < 130 GeV [8] which has been confirmed at the LHC [9] .
Here, I will consider several classes of supersymmetric models related to the well-studied constrained minimal supersymmetric Standard Model (CMSSM) [10, 11, 12, 13, 14, 15, 16, 17] . The CMSSM is a 4-parameter theory defined at the GUT scale by a universal gaugino mass, m 1/2 , a universal scalar mass, m 0 , a universal trilinear mass term, A 0 , and the ratio of the two Higgs vacuum expectation values, tan β . In addition, one must specify the sign of the Higgs mixing mass, µ. The gravitino mass, m 3/2 , is usually assumed to be heavy enough to be ignorable in CMSSM phenomenology. One can define a more restrictive theory related more closely to minimal supergravity (mSUGRA) [18, 19, 20] . In the CMSSM, one uses the conditions derived by the minimization of the Higgs potential after radiative electroweak symmetry breaking to solve for µ and the bilinear mass term B 0 (or equivalently µ and the Higgs pseudo scalar mass, m A ) for fixed tan β . In these very constrained models [20, 21] , the relation A 0 = B 0 + m 0 is imposed and tan β is no longer a free parameter. In addition, one should set the scalar mass equal to the gravitino mass (m 0 = m 3/2 ) and this becomes a 3-parameter theory. One could relax the CMSSM by allowing the two Higgs soft masses to differ from the universal scalar mass, producing either a 5-or 6-parameter theory, depending on whether the two Higgs soft masses are equal (NUHM1) [22, 23] or not (NUHM2) [24, 23] . Finally, I will discuss a very restrictive 2-parameter theory known as pure gravity mediation [25, 26, 27, 28, 29, 30] defined by only m 3/2 and tan β (and the sign of µ), as well as some of its 1-and 2-parameter extensions.
The CMSSM before and after Run I at the LHC
Prior to Run I of the LHC, there was considerable excitement about the prospect for discovering supersymmetry as supersymmetric models such as the CMSSM provided definite improvements to low energy precision phenomenology. This can be seen in the left panel of Fig. 1 which shows the results of mastercode [31, 32] -a frequentist Markov Chain Monte Carlo analysis of low energy experimental observables in the context of supersymmetry. The figure shows the color coded values of ∆χ 2 relative to the best fit point shown by the white dot at low m 1/2 and low m 0 . Marginalization over A 0 and tan β was performed to produce this (m 0 , m 1/2 ) plane. The best-fit CMSSM point lies at m 0 = 60 GeV, m 1/2 = 310 GeV, A 0 = 130 GeV, tan β = 11 yielding the overall χ 2 /N dof = 20.6/19 (36% probability) with m h = 114.2 GeV. Recall that this was a pre-LHC prediction and uses no LHC data. Rather it is based on a wide array of low energy observables including (g µ − 2), M W , B → τν, b → sγ, the LEP limit on the Higgs mass, forward-backward asymmetries among others (for a full list of observables used see [31] ). The relatively low value of m h was a common prediction of MSSM models [8] . Indeed a dedicated scan for the distribution of Higgs masses in the CMSSM was made in [34] which found that when all phenomenological constraints (with or without (g µ − 2)) are included, all models yielded m h ≤ 128 GeV. When (g µ − 2) is included, only models with m h < 126 GeV were found. Note that the scan sampled scalar and gaugino masses only out to 2 TeV. The ∆χ 2 functions in the (m 0 , m 1/2 ) planes for the CMSSM from a mastercode frequentist analysis. The pre-LHC result is shown in the left panel [31] . Red and blue contours correspond to 68% and 95% CL contours and the best fit point is depicted by a white dot. The post-LHC result is shown in the right panel [33] . Dashed contours correspond to the analysis using 7 TeV data at 5 fb −1 and solid curves to 8 TeV data at 20 fb −1 .
The apparent robustness for the success of the CMSSM can also be seen in the left panel of Fig. 2 where an example of a (m 1/2 , m 0 ) plane with fixed A 0 = 0 and tan β = 10 is shown. The red shaded region in the lower right corned is excluded as the lighter stau is the lightest supersymmetric particle (LSP). Above that region, one sees the stau coannihilation strip where the relic density is in agreement with that determined by Planck [35] . The relic density there is held in check through coannihilations between the bino and the lighter stau [36] . Also shown in the figure are some phenomenological constraints from the lack of detection of charginos [37] , as well as constraints from b → sγ [38] and (g µ − 2) [39] . The purple curve shows the lower limit on m 1/2 from the LHC [1, 2] . One immediately sees how the promise of the CMSSM evaporated when the LHC results set in.
This optimism of discovering supersymmetry spread to the prospects of discovering dark matter in direct detection experiments. The left panel of Fig. 3 displays the pre-LHC preferred range of the spin-independent DM scattering cross section σ SI p (calculated here assuming an optimistic π-N scattering term Σ N = 64 MeV) as a function of m χ [31] . We see that the expected range of σ SI p lies just below the then present experimental upper limits (solid lines) [40, 41] . As one can see from the successive lower upper limits from later experiments [42, 43, 44] shown by the bands, these pre-LHC values for the elastic scattering cross section showed great promise for discovery.
Subsequent to the final run at the LHC, the picture looked very different. In the right panel of Fig. 1 , the post-Run I likelihood contours in the (m 0 , m 1/2 ) plane [33] are shown using both the 7 
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igure 3: (left) The pre-LHC prediction for the spin-independent DM scattering cross section, σ SI p , versus m χ in the CMSSM. The solid lines are the pre-LHC experimental upper limits from CDMS [40] and XENON10 [41] , while the bands are the more recent limits from XENON100 [42, 43] and LUX [44] . (right) The post-run I likelihood contours for σ SI p . The shaded region at low cross section represents the neutrino background for direct detection experiments [45] .
TeV results at 5 fb −1 (dashed) [46] and 8 TeV results at 20 fb −1 (solid) [1] . At 7 TeV, the previous best fit at (m 0 , m 1/2 ) = (60,n310) GeV has now moved to (340, 910) GeV with A 0 = 2670 GeV and tan β = 12. The χ 2 /N dof is now 32.6/23 (8.8% probability) . This result includes the measurement of the Higgs mass of m h = 125.7 ± 0.4 (at the time) [47] and the best fit point is shown by the open star. The likelihood function is in fact very shallow. The best fit point based on the 8 TeV data is shown by the filled star at (5650,2100) GeV with A 0 = −780 GeV and tan β = 51. The χ 2 /N dof is now increased again to 35.1/23 (5.1% probability). However there is a local minimum at lower masses at (670, 1040) GeV with A 0 = 3440 GeV and tan β = 21. In this case, χ 2 /N dof is 35.8/23 (4.3% probability) . These results may be compared with the Standard Model fit which yields χ 2 /N dof of 36.5/24 (5.0% probability), which of course ignores the fact that there is no dark matter candidate in the Standard Model.
An example of the (m 1/12 , m 0 ) plane with fixed tan β = 30 and A 0 /m 0 = 2.3 for µ > 0 is shown in the right panel of Fig. 2 . In addition to a stau LSP region (as in the left panel), there is also a stop LSP region indicated by the shaded region in the upper left of the panel. The area between these two have a neutralino (bino) LSP. The dark blue strips running near the boundaries of these regions have a relic LSP density in accord with that determined by Planck [35] , though the widths of these dark matter strips have been enhanced for visibility. The strip near the boundary of the upper left wedge is due to stop coannihilation [48, 49, 50] , and that near the boundary of the lower right wedge is due to stau coannihilation [36] . Stop coannihilation strips typically extend to much larger values of m 1/2 than stau coannihilation strips (which extend to ∼ 1000 GeV), indeed to much larger values of m 1/2 than those displayed in the figure, reaching as far as 8000 GeV in this case [49] .
The extent of the stop strip for this case is seen in the left panel of Fig. 4 which shows the stop-neutralino mass difference as a function of m 1/2 for fixed relic density [49] . The endpoint is at approximately (m 1/2 , m 0 ) = (8000, 26900) with a neutralino mass of about 4000 GeV. Past the endpoint, even for mt 1 = m χ , the relic density is too large. Also shown in Fig. 4 is the value of the Higgs mass along the strip (green lines). The dashed lines correspond to the uncertainty in the Higgs mass. The Higgs mass (and uncertainties) here and in previous figures are calculated using FeynHiggs 2.10.0 [51] . The Higgs mass at the endpoint is too large (m h = 133 GeV) in this case, but is acceptable at the endpoint when tan β = 40 as seen in the right panel of Fig. 4 . In the latter case, the endpoint is found at (m 1/2 , m 0 ) = (7600, 38600) with m χ ≈ 3900 GeV and m h = 126.2 GeV.
Also shown in the right panel of Fig. 2 is the exclusion region from b → sγ decay [38] , and the green solid line is the 95 % CL constraint from the measured rate of B s → µ + µ − decay [52] . As in the left panel, the purple curve shows the position of the run I constraint [1, 2] .
As one can see from the right panel of Fig. 3 , there is still hope for direct detection experiments though the new best fit point implies a cross section of ∼ 10 −47 cm 2 , nearly two orders of magnitude below the current upper bound. As commented on previously, the likelihood function is rather flat between 10 −47 cm 2 σ SI p 10 −45 cm 2 . Note that in this case, we have adopted Σ πN = 50 ± 7 MeV. In addition to the model results, the 90% CL upper limits on σ SI p given by the XENON100 and LUX experiments [43, 44] are also displayed, as is the level of the atmospheric neutrino background [45] . 
The NUHM
Going beyond the CMSSM offers additional possibilities for low energy supersymmetry and dark matter [16, 17] . For example, the Higgs soft masses may differ from the squark and slepton masses at the universal input scale [53, 12, 22, 23, 24] as in the NUHM. In SU(5) or SO(10) GUTs, the Higgs fields are placed in representations distinct from the matter fields and it is a logical possibility that their soft masses may differ at the GUT scale. In an SO(10) theory, both Higgs doublets are found in the same representation and we might expect that m 1 = m 2 as in the NUHM1. In contrast, in SU(5), they originate in different representations and we might expect m 1 = m 2 as in the NUHM2. In the CMSSM, setting m 1 = m 2 = m 0 allows one to use the Higgs minimization conditions to solve for the two Higgs expectation values. However, in practice, these are usually chosen as inputs (using M Z and tan β as surrogates) and instead the minimization conditions are used to solve for the µ parameter and the bilinear mass term, B. In the NUHM, with m 1 and/or m 2 as free parameters, one can trade these instead to choose either or both µ and/or B (or the Higgs pseudo scalar mass, m A which is related to Bµ) as free parameters. Additional freedom is also obtained in CMSSM-like models when the scale of universality is taken to be below the GUT scale as in subGUT models [54, 16, 17] , or above the GUT scale as in superGUT models [55, 56] , but these will not be discussed here.
In Fig. 5 , two examples of (m 1/2 , m 0 ) NUHM1 planes are shown with fixed µ = 500 GeV with tan β = 10 (left panel) and µ = 1050 GeV with tan β = 4 (right panel). In both A 0 = 2.3m 0 . For the smaller value of µ, there is a thin vertical transition strip at about m 1/2 = 1200 GeV. To the left of the strip, the LSP is a bino and away from the shaded regions the relic density is too large. Since µ is fixed, as one increases the gaugino masses, the LSP becomes more Higgsino-like. As such, new annihilation channels open up and the relic density drops. To the right of the strip, the LSP is mostly Higgsino and because its mass is close to µ, the relic density is too small for this choice of µ. As in the CMSSM, there is a shaded region where the LSP is a stop in the upper left of the panel and a stau in the lower left. There are barely visible stop/stau coannihilation strips that runs close to the stop/stau LSP boundary. Here, there is no enhancement of the relic density strip and along the strip, the relic density is within 3σ of the Planck result. The Higgs mass along the transition strip runs from about 123 to 127 GeV in agreement with the experimental value when taking into account the theoretical uncertainty in the calculated value. In the right panel of of Fig. 5 , we see a large region where relic density is in agreement with Planck. As before, the LSP is bino-like to the left of the transition region and the relic density is too high expect for the extremely thin strips along the stop and stau LSP areas. In this case as the gaugino mass is increased, the LSP once again becomes more Higgsino-like, however asymptotically, at large m 1/2 , the Higgsino mass tends toward 1.1 TeV where Higgsinos provide the correct dark matter density (this is of course tied to the choice of µ = 1050 GeV) [57] . Indeed, this region would extend infinitely far to the right. As one can see, there is a significant area where the Higgsino provides the correct relic density with an acceptable Higgs mass. Also shown in this panel are contours of constant proton lifetime (in units of 10 35 yrs) assuming a minimal SU (5) GUT [17] . The experimental limit τ(p → K +ν ) > 5.9 × 10 33 years [58] would exclude points to the left of the curve labelled 0.05 or require a non-minimal GUT for which the calculated lifetime satisfies the bound.
Pure Gravity Mediation
In the remainder of this contribution, I will concentrate on an even more restrictive set of models known as pure gravity mediation (PGM) [25, 26, 27, 28, 29, 30] which as noted in the introduction can be defined by as little as two free parameters. In the minimal model of PGM, one assumes a flat Kähler potential, and there are no tree level sources for either gaugino masses or A-terms. At one-loop, gaugino masses and A-terms are generated through anomalies [59] and one expects m 1/2 , A 0 m 0 in these models, reminiscent of split supersymmetry [60] . So far, m 0 = m 3/2 (as in mSUGRA models [20] ) is the only free parameter. Radiative electroweak symmetry breaking (EWSB) can be incorporated into the model at the expense of one additional parameter, c H , associated with a Giuduce-Masiero-like term [61, 62, 63] which amounts to including 1) in the Kähler potential. Here, c H is a constant and the expressions for µ and B are modified at the input scale taken here to be M GUT ,
where µ 0 is the µ-term of the superpotential. One can also easily trade c H for tan β , leaving the theory to be defined by m 3/2 , tan β (with c H determined by the Higgs minimization conditions) and the sign of the µ term. A similar particle spectrum was also derived in models with strong moduli stabilization [63, 64, 56] .
To realize such a model, consider the breaking of supersymmetry using a Polonyi superpotential [65] 4) where the parameter ν is adjusted so that the cosmological constant vanishes at the supersymmetry breaking minimum. The Kähler potential includes a stabilization term [66] , 5) where it is assumed that the mass scale Λ 1. If we write Z in terms of its real and imaginary parts, Z = 1 √ 2 (z + iχ) the supersymmetry breaking Minkowski minimum is found to be real and located at 6) for Λ 1. The supersymmetry breaking mass scale given by the gravitino mass is
whereas the mass squared of both z and χ are Thus, for Λ 1, we obtain a hierarchy between the modulus, Z, and the gravitino. As a result we obtain the following: The dominant source for gaugino masses comes from the one-loop anomaly mediated contributions [59] , which are given by
13)
14)
Here, the subscripts of M a , (a = 1, 2, 3), correspond to the Standard Model gauge groups. As a result, in PGM, the gaugino masses are much smaller than the scalar masses and are non-universal even in the minimal model. Furthermore, because of the loop suppression to these masses, we are forced to consider rather large scalar masses. In summary, the minimal model of PGM is much simpler than mSUGRA and has only two fundamental parameters, m 0 and c H (or tan β ) once the vacuum conditions of electroweak symmetry breaking are used. m 3/2 must lie in the range of O(100) TeV so that the predicted chargino mass satisfies the LEP bound, the Higgs mass agrees with the LHC measurement, and gaugino masses are within the reach of the LHC experiments. With only these two parameters, the model leads to a very successful phenomenology;
• The sfermion and gravitino have masses O(100) TeV.
• The higgsino and the heavier Higgs boson also have masses O(100) TeV.
• The gaugino masses are in the range of hundreds to thousands of GeV.
• The LSP is the neutral wino which is nearly degenerate with the charged wino.
• The lightest Higgs boson mass is consistent with the observed Higgs-like boson, i.e. m h 125-126 GeV.
In PGM models, the wino is the LSP. Because of the large threshold corrections the value of the wino mass is strongly dependent on the sign of µ. For positive values of µ and small values of tan β , the threshold corrections nearly cancel the anomaly mediated contribution. As tan β increases, the threshold corrections shrink and the wino mass approaches the anomaly mediated value. The wino mass is plotted in the left panel of Fig. 6 as a function of tan β for fixed values of m 3/2 as labeled. Solid curves correspond to µ > 0 and dashed curves to µ < 0. For clarity, only curves for µ < 0 have been labeled. Large values of tan β are not compatible with radiative electroweak symmetry breaking, while perturbativity of the top quark Yukawa coupling excludes the smallest values of tan β . These regions are qualitatively shaded in the left panel of Fig. 6 .
In the right panel of Fig. 6 , the Higgs mass is shown as a function of tan β for similar choices of m 3/2 . We see that for each value of m 3/2 , the Higgs mass rises as tan β is increased. At some point, the increase is very sudden as the derived value of µ 2 goes to 0, and we lose the ability to achieve successful radiative EWSB. As µ is decreased the Higgsinos are lighter and there is additional running in the couplings contributing to the Higgs quartic coupling and as a result, the Higgs mass is highest at this point which corresponds to the focus point region of the CMSSM [67] . As one can see, while there is a relatively wide range of gravitino masses TeV where the Higgs mass is sufficiently large, the range of tan β is in contrast highly constrained. In these PGM models, the Higgs mass is calculated using the procedure outlined in [68] .
In the left panel of Fig. 7 , the mass difference between the charged and neutral wino is shown. The mass difference is just barely larger than the pion mass. Thus, the decay products of the charged wino will be a very soft pion and the wino LSP. Because of this very small mass difference, the decay width will have a suppression factor of order m π /m χ and so the chargino will be quite long lived. The experimental signatures of this decay have been discussed in PGM [25, 26] and related scenarios [69, 56] .
In the right panel of Fig. 7 , the gluino mass, mg is shown as a function of m 3/2 . The gluino mass is essentially independent of tan β and here tan β = 2.2. As one might expect, the gluino mass is effectively given by Eq. (4.15) (any deviation is due to two-loop effects which are included in the running). As summarized in Ref. [26] , the most severe limit on the gluino mass is obtained from the search for multi-jets plus missing transverse energy events at the LHC, which leads to mg > 1.2 (1.0) TeV for a wino mass of 100 (500) GeV [70] .The red line represents the approximate reach of the LHC. A gluino mass of roughly 3 TeV corresponds to a gravitino mass of m 3/2 = 110 TeV, and thus only the low mass end of PGM models may be probed using the gluino.
Finally, we show the dependence of the wino relic density, Ω χ h 2 in Fig. 8 as a function of m 3/2 . The relic density is also essentially independent of tan β which has been fixed here at tan β = 2.2. As one can see, the relic density is always extremely small for µ > 0 and therefore dark matter must either come from some other sector of the theory (e.g. axions) or there must be a non-thermal source for wino production after freeze-out. For µ < 0, it is possible to get an acceptable relic density when m 3/2 460 − 500 TeV. Amazingly, this is consistent with the Higgs mass measurements if the ratio of the Higgs vevs is in the rather small range tan β = 2.1 − 2.3. With m 3/2 this large, detection of the particle spectrum implied by these models at the LHC is very unlikely. Even if we abandon hope for discovery at the LHC, the large annihilation cross section of wino dark matter is in tension with gamma-ray observations of the Galactic center in the Fermi-LAT and the H.E.S.S. telescope [71] , although there is still some ambiguity in the dark matter profile at the Galactic center. Somewhat more freedom in the PGM is possible if we allow the Higgs soft masses to be nonUniversal [29] . If m 1 = m 2 = m 3/2 , we have a 3-parameter PGM theory. In the left panel of Fig. 9 contours of the neutralino and Higgs masses in the (m 1 = m 2 , tan β ) plane with m 3/2 = 60 TeV are shown. The universal model discussed above corresponds to m 1 = m 2 = 60 TeV and is only valid at low tan β . Curves end when solutions to the electroweak symmetry breaking conditions can not be found. Higgs mass contours are shown by red dot-dashed curves labelled from 122 -128 GeV. Neutralino masses are given by the thin blue curves. For µ > 0 the curves are solid and the mass increases with tan β (shown are the 100 and 180 GeV contours). For µ < 0 the curves are dashed and the mass decreases with tan β (shown are the 300 and 250 GeV contours). Also shown here are proton decay lifetimes in units of 10 35 yrs. Solid curves (labelled to the left) use quark Yukawa couplings, while dashed curves (labelled to the right) use lepton Yukawas. For details see [72] .
The Higgs mass for special case of m 1 = m 2 = 0 is highlighted in the right panel of Fig. 9 which shows the calculated Higgs mass as a function of tan β for several choices of m 3/2 .
As noted earlier, in PGM models with non-universal scalar masses, it is also possible to choose µ as an independent parameter rather than the Higgs soft masses. This allows one to more easily study different aspects of the model with a Higgsino as the LSP (rather than winos) [73] . In the left : Ω χ h 2 as a function of m 3/2 for both µ > 0 (solid) and µ < 0 (dashed). The Planck range for the relic density is shown by the pale green horizontal band. The relic density crosses this band for µ < 0 when m 3/2 460-500 TeV. 122, 124, 125, 126, 127, and 128 GeV. The light blue contours give the LSP mass from 500-3000 GeV in 500 GeV intervals. When the LSP is a Higgsino, the contours are nearly vertical as the mass of the Higgsino depends primarily on µ, whereas when the LSP is a wino, the contours are nearly horizontal as the anomaly mediated wino mass depends primarily on the gravitino mass. Strips shaded blue correspond to the correct relic density. In the right panel, the horizontal scale is logarithmic so as to extend to large values of µ. Here tan β = 2.0 was chosen. Included here are also two thin black contours indicating the location of scalar mass universality (m i /m 3/2 = 1) (solid) and c H = 0 (dashed).
In the dark blue shaded regions, the LSP has a relic density Ωh 2 = 0.11 − 0.13 as preferred by recent Planck results [35] . The relic density in the Higgsino region depends only on the mass of the Higgsino [57] and the correct relic density is obtained when µ ≈ −1000 GeV and 1200 GeV, with a Higgsino mass just over 1200 GeV for both positive and negative µ (the difference between the Higgsino mass and µ is due to one-loop threshold corrections). These regions are seen as the vertical strips in both panels. At large |µ|, the wino is the LSP and can have the correct relic density when its mass is approximately 2.7 TeV at m 3/2 ≈ 800 TeV. In between these two extremes, the relic density can be obtained through coannihilation. These coannihilation strips are seen as diagonal blue strips. For further details on the structure of the relic density strips, see [73] . Once again, we see that Higgsino dark matter can be made consistent with a Higgs mass of 125 GeV. In this PGM model, this occurs when m 3/2 ≈ 700 TeV.
An extended view of the (µ, m 3/2 ) plane for µ > 0 is shown in the right panel of Fig. 10 for tan β = 2.0. As in the left panel, the pink shaded region at very low m 3/2 is excluded due to a tachyonic stop, and the pink shaded region in the lower right is excluded due to a tachyonic pseudoscalar. Once again, we see a strip of Higgsino dark matter with m χ ≈ 1200 GeV running vertical near log µ = 3.1 This is connected to a thick strip of wino dark matter which runs towards high µ and high m 3/2 with m χ 3 TeV. In between, we see again two strips near the border between a Higgsino and wino LSP due to coannihilations. Also plotted here is the contour where we have full scalar mass universality. This is seen as a black curve which is nearly horizontal near m 3/2 = 1.5 PeV and nearly vertical at log µ ∼ 5.2. The dashed black contour shows the position of the GM coupling c H = 0.
Finally, we consider an extension of PGM models with a single additional 10 and 10 pair. Because these states are vector-like, the most general form of the Kähler potential will be 16) which includes a GM-like coupling c 10 that generates a supersymmetric mixing mass term, µ 10 , and a supersymmetry-breaking B term for the additional vector-like fields. The additional fields also have a gravity-mediated tree-level soft supersymmetry-breaking mass equal to m 3/2 . Since the 10 contains fields with the same quantum numbers as SM fields, the 10 (10) can be combined into gauge-invariant operators with H 2 (H 1 ). If we impose only gauge symmetries, the most generic contribution to the superpotential is 17) where Q and U are from the 10 andQ andŪ are from the 10. However, to preserve R symmetry we must take either y b = 0 or y t = 0. Here, we take y b = 0. The interactions proportional to y t contribute to the beta function of the up Higgs soft mass in a similar way to those controlled by the top quark Yukawa coupling, y t . This extended theory now has four parameters: m 3/2 , tan β , c 10 , and y t . As in the previously described PGM models, the gaugino masses are generated by anomalies [59] . With the addition of the 10 and 10, the anomaly-mediated contributions to the gaugino masses are now (4.20) In addition, the gauginos then get rather large threshold corrections from the 10 and 10 when they are integrated out, which is in addition to the large threshold correction coming from integrating out the Higgsinos: for more details see [30] . Since the only contribution to the mass of the gluino comes from the threshold corrections, it tends to be lighter than in typical PGM models. Hence there are regions where the gluino can coannihilate with the bino [74, 75, 76, 30, 77, 78, 50, 79, 80] , yielding the possibility of a relatively heavy dark matter candidate [80] .
In Fig. 11 , we show the (c 10 , m 3/2 ) plane with fixed tan β = 3 ,and y 2 t = 0.15. In the left panel, we see a large red shaded region at low c 10 where the gluino is the LSP. To the right of this boundary, we see the gluino coannihilation strip. In the lower right corner, the pink shaded region is excluded because one or more of the new vector scalars becomes tachyonic. As in previous figures, the Higgs mass contours are shown as red dot-dashed curves as labelled. In the right panel we see, the gluino-neutralino mass difference ∆M along the gluino coannihilation strip (blue) and the neutralino mass along the strip (red). We see that the curve for ∆M has the same characteristic shape as we saw above for the stop coannihilation strip, in this case due to strong coannihilations involving the gluino and peaks at 170 GeV at m Figure 11: The PGM (c H , m 3/2 ) plane for fixed tan β = 3 and y 2 t = 0.15 [80] . The dark blue strip in the left panel shows where the relic LSP density Ω χ h 2 falls within the ±3-σ range allowed by Planck, and the lightest neutralino is no longer the LSP in the low-c H regions shaded brick-red. One or more of the new vector scalars becomes tachyonic in the lower right corner of the plane (shaded pink). The right panel shows the gluino-neutralino mass difference (left axis, blue line) and the neutralino mass (right axis, red line) as functions of m 3/2 .
Summary
The discovery of the Higgs boson with m h ≈ 125 GeV and the lack of discovery of supersymmetry at the LHC has put significant pressure on CMSSM-like models. The existence of dark matter requires physics beyond the standard model, and supersymmetry offers the possibility of a dark matter candidate while at the same time ensures the stability of the Higgs potential, allows for gauge coupling unification, and a solution to the hierarchy problem among its additional benefits. It was long hoped that low energy supersymmetry could stabilize the hierarchy between the weak scale and the UV scale given by GUTs or the Planck scale. Combined with its ability to resolve the discrepancy between theory and experiment regarding (g µ − 2), there were great expectations that supersymmetry should have been discovered during run I at the LHC. The lack of a signal for supersymmetry was nevertheless consistent with the fact that Higgs mass was found to be near the upper end of the range predicted in supersymmetric models. As a consequence, the CMSSM-like models that held so much promise, are now being pushed into corners of parameter space often requiring a near degeneracy between sparticle masses to obtain the correct relic density.
Thus while it is becoming increasingly unlikely that supersymmetry can account for the difference between the GUT scale and the weak scale of O(100) GeV, it may yet account for explaining the stability between the GUT scale and a few TeV or perhaps only to 10-100 TeV or even a PeV. The large hierarchy problem is still resolved leaving some small amount of fine-tuning left to get to the scale of M Z . Supersymmetry may still lie within range of future LHC runs or it may lie beyond the reach of the LHC altogether, and require a future higher-energy pp collider for its detection [81] .
Here, I have shown several examples of four parameter, CMSSM-like models which remain phenomenologically viable. These include the CMSSM with large A-terms which allow for sufficiently heavy Higgs masses while achieving the correct relic density through stop coannihilation. There are several one-parameter extensions of the CMSSM which offer more viable solutions. These include the NUHM1 discussed here where it is relatively straight-forward to construct models with a ∼ 1 TeV Higgsino LSP [57] . In addition, there are subGUT models [54] in which the universality scale is reduced below the GUT scale, and models with a non-Universal gluino mass for which gluino co-annihilations drive the relic density calculation [74, 79, 80] . It is also possible to construct 2-parameter models such as PGM though these typically result in a wino LSP which is either underdense or constrained by current gamma ray observations. I have also discussed a three-parameter version of PGM with a Higgsino LSP, and a 4-parameter version with a bino LSP with gluino coannihilations.
While it is relatively easy to construct any of the models discussed here, it becomes increasingly more difficult to confirm them with experiment.
